Hypothesis: Performance in tone perception and production are correlated in prelingually deafened pediatric cochlear implant (CI) users across individuals. Demographic variables, such as age at implantation, contribute to the performance variability. Background: Poor representation of pitch information in CI devices hinders pitch perception and affects perception of lexical tones in cochlear implant users who speak tonal languages. Methods: One hundred ten Mandarin-speaking, prelingually deafened CI subjects and 125 typically developing, normalhearing subjects were recruited from Beijing, China. Lexical tone perception was measured using a computerized tone contrast test. Tone production was judged by native Mandarin-speaking adult listeners as well as analyzed acoustically and with an artificial neural network. A general linear model analysis was performed to determine factors that accounted for performance variability. Results: CI subjects scored È67% correct on the lexical tone perception task. The degree of differentiation of tones produced by the CI group was significantly lower than the control group as revealed by acoustic analysis. Tone production performance assessed by the neural network was highly correlated with that evaluated by human listeners. There was a moderate correlation between the overall tone perception and production performance across CI subjects. Duration of implant use and age at implantation jointly explained È29% of the variance in the tone perception performance. Age at implantation was the only significant predictor for tone production performance in the CI subjects. Conclusion: Tone production performance in pediatric CI users is dependent on accurate perception. Early implantation predicts a better outcome in lexical tone perception and production.
Cochlear implants (CIs) have successfully provided profoundly deaf patients with good speech perception under quiet listening conditions. Recent research efforts have been devoted to addressing the remaining issues with modern CI technology as well as the perceptual limit among users. One of those issues is perception of pitch. The envelope-based speech processing strategies that are commonly used in modern CI systems deliver low-frequency temporal-envelope information of a number of frequency bands carried by electrical pulse trains. The number of available electrodes is between 12 and 22 depending on device type. The limited number of channels used to transmit the wide range of speech frequency restricts the spectral resolution of the device. Furthermore, the number of effective spectral channels is often far less than the number of electrodes or analysis bands assigned to the electrode array (1) , likely because of channel interactions induced by current spread or poor electrode-neuron interface. Pitch perception is known to be challenging because of the inherent low spectral resolution and the limited ability of the users to extract temporal pitch from temporal modulations (2Y4). Novel speech processing strategies have been developed to enhance F0 coding for the purpose of improving pitch perception, but these strategies have only shown small and inconsistent benefits in the clinic (5Y7).
The inadequate input of pitch information affects lexical tone development in prelingually deafened pediatric cochlear implantees who speak tonal languages (8Y11). Tonal languages, such as Mandarin Chinese, use pitch variation to convey lexical meaning. In Mandarin Chinese, the fundamental frequency (F0) contour of a syllable varies in one of 4 ways: 1) flat, 2) rising, 3) falling and rising, and 4) falling. These F0 contours are the primary acoustic correlate for lexical tone perception. In the case of CIs, with no salient F0 information, listeners may have to rely on secondary cues for tone perception including temporal pitch cues, duration cues, or the overall amplitude contour cues that also correlate with F0 variation (11Y14). Results from small samples of pediatric implant users have shown, as a group, poor performance, although there is considerable variability in both lexical tone perception and production (15, 16) . Peng et al. (16) reported an average tone recognition score of 73% correct for a group of 30 pediatric implantees, but the performance varied from chance (50% correct) to nearly perfect. A number of other studies demonstrated similar highly variable tone recognition performance in Cantonese-speaking pediatric cochlear implantees (17Y19). The lack of adequate auditory input as well as feedback may prevent these users from learning tone production. A similar characteristic of tone production performance was the high intersubject variability, with scores ranging from chance to nearly perfect (8Y10, 16, 20, 21) .
Although poor performance has been found in studies of both tone perception and production as described above, it is not yet clear if perception and production predict one another. Nor have previous studies shown consistent results in identifying the predictor variables that contribute to the variability in performance in individual users. Previous studies have reported that tone perception is dependent on duration of CI use and age at implantation (18) , or related to only age at implantation (5) , or none of the tested variables (16, 22) . Inconsistent predictors have been reported in tone production studies (9, 16, 21, 23) . The limited sample size used in these studies may explain the discrepancies.
The aim of the present study was to examine the relationship between tone perception and production in Mandarin-speaking pediatric implant users and to identify predictor variables for performance using a larger sample size. The large sample allows us to better understand the variables that were significant predictors in some samples but not others. Second, it allows for analysis of a larger number of predictive variables including those that have not been studied in the past (such as family variables, cochlear implant variables, and educational variables, see Materials and Methods for details). Third, a larger sample size provides greater statistical power to examine the relationship between tone perception and tone production, particularly the error patterns, which have yet to be systematically studied (21) .
MATERIALS AND METHODS

Subjects
One hundred ten prelingually deafened pediatric CI users were recruited from 3 cochlear implant rehabilitation centers in Beijing, China. All 110 subjects completed the tone perception test. Because of scheduling issues, 76 of them were available for the tone production test. In addition, because of computer technical issues, tone perception data from 3 subjects were lost. Therefore, tone perception test data were available from 107 subjects. Tone production data were available from 76 subjects, whereas both tone perception and production data were available from 73 subjects. Complete demographic information was available for 68 subjects. The chronologic ages of the CI subjects ranged from 2.42 to 16.18 years (Table 1 ). Age at implantation ranged from 1.11 to 12.95 years (mean T SD, 3.96 T 2.70 yr). The duration of CI use ranged from 0.09 to 4.90 years (mean T SD, 1.27 T 1.03 yr). The CI devices included those manufactured by Cochlear, Advanced Bionics, and MedEl corporations. The speech-processing strategies also included a variety of strategies that included SPEAK, ACE, HiRes, Hires 120, and CIS.
One hundred twenty-five typically developing normal-hearing (NH) subjects were recruited as controls from kindergartens and elementary schools in Beijing. The chronologic ages of the NH subjects ranged from 3.24 to 9.97 years ( Table 1 ). Note that the mean chronologic age of the NH group was È1.5 years older than that of the CI group. All NH subjects provided tone production samples, and 112 of them completed the tone perception test. The use of human subjects were reviewed and approved by the institutional review boards of Ohio University and Beijing Tongren Hospital.
Tone Perception Test
There are 6 possible tone contrasts (i.e., 1Y2, 1Y3, 1Y4, 2Y3, 2Y4, and 3Y4) between the 4 tones of Mandarin Chinese. The tone perception test materials consisted of 36 words in 18 pairs, 3 pairs for each tone contrast. The tone perception test involved identifying a picture that corresponded to the target tone stimulus from a tone contrast, following the procedure used in (5) . The test consisted of 48 trials [12 words (i.e., 2 words in 1 pair Â 6 tone contrasts) Â 2 speakers (1 male and 1 female) Â 2 repetitions]. In the test, a tone stimulus was presented at the most comfortable level via a loudspeaker positioned in front of the subject. For each trial, 2 pictures of the tone contrast were shown on the computer screen. The subject was instructed to point to the picture that corresponded to the meaning of the word that he or she heard. The order of presentation was fully randomized. Training was provided before the test, which consisted of 12 presentations with feedback.
Tone Production Test
Speech Recording
The tone production test used a picture-naming procedure in which the 36 words (i.e., 6 tone contrasts Â 3 pairs) created for the tone perception test were the target words for production (see (5) for a complete list of the words). To elicit tone production, a picture was presented on the computer screen, and the subject was instructed to say the word that the picture represented. The elicited speech of each subject was recorded at a sampling rate of 44,100 Hz with a 16-bit resolution in a quiet room. 
F0 Extraction and Acoustic Analysis
The F0 contours of the vowels in the recorded words were extracted using an autocorrelation method with an update rate of 8 ms and a frame size of 24 ms. The acoustic analysis used a set of objective measures developed in our earlier study (10) for evaluating tone production in Mandarin-speaking pediatric CI users. The acoustic analysis was based on the distributions of the two F0 end points (i.e., onset and offset) on a tone contour (see (10) for methods). The onset and offset values of F0 contour captured the level and the gross shape of a tone contour. The distributions of onset and offset values for 4 tone categories were summarized by 4 tonal ellipses plotted in a tonal space. Differentiability of the 4 tones spoken by a speaker was quantified with 3 indices that measured the size relative to the degree of overlap of the four tonal ellipses, as described in (10) .
Neural Network Analysis
The artificial neural network used to classify the tones produced by the subjects was a feed forward multilayer perceptron (24, 25) . The neural network was structured to have 3 layers (i.e., input, hidden, and output layers). Inputs to the neural network were averaged F0s of the 12 segments from the F0 contour. The neural network was trained with tone tokens from the NH group. Testing for each CI subject was repeated 10 times, and an average percent-correct score was derived to ensure accurate estimation of the performance. The neural network analysis was repeated for the data from the NH subjects as control.
Perceptual Analysis
Tone production from both groups was perceptually judged by 4 native speakers of Mandarin-Chinese. All tone tokens were lowpassed at 600 Hz with a fourth-order Butterworth filter (24 dB/ octave) to remove the segmental information as in Wong et al. (26) , such that the listeners were dependent solely on the F0 (and sometimes its first harmonic) information for tone identification. The processed tone tokens were presented in blocks of speakers, one speaker at a time chosen at random, at a most comfortable level via a circumaural headphone (Sennheiser, HD 265). A 4-alternative forced-choice paradigm was used in which the listeners were instructed to determine which tone they heard from four possible choices (9) . The perceptual judgment experiment was conducted in a double-walled sound-treated booth.
Candidate Predictor Variables
A number of candidate predictor variables for tone perception and production outcome were collected by administering a questionnaire to the CI participants. The variables included demographic variables (age, age at implantation, and duration of cochlear implant use), family variables (family size and household income), cochlear implant variables (implant type, processor type, and speech processing strategy), and educational variables (communication mode and duration of speech therapy). Because of missing information on some of the returned questionnaires, regression analysis included only those who were tested on the outcome variables and also provided complete demographic, family, and device information.
RESULTS
Tone Perception
Tone perception scores of the NH (n = 112) and CI groups (n = 107) were rank ordered as shown in Figure 1 . Performance of the CI group ranged from chance to perfect (mean T SD, 67.31 T 13.51% correct), and was significantly poorer than that of the NH group (98.7 T 2.67 % correct) [t = j24.12, p G 0.001].
For the CI group, percent-correct scores for the 6 tone contrasts (i.e., tones 1Y2, 1Y3, 1Y4, 2Y3, 2Y4, and 3Y4) were 69.9%, 68.2%, 69.5%, 63.2%, 63.6%, and 67.7%, respectively. No statistical differences were found between the performance of the 6 contrasts [F 5,530 = 1.89, p = 0.09]. A confusion matrix summarized the overall error patterns from the pooled data across the 107 CI subjects (Fig. 2, left) .
Tone Production
The acoustic analysis of tone production used tonal ellipses to quantify the degree of differentiation between tone categories spoken by a speaker. Examples of tonal ellipses for 4 NH and 4 CI subjects are shown in Figure 3 . The 4 subjects from each group were pseudorandomly selected from the 4 quartiles (i.e., 0Y25th, 25thY50th, 50thY75th, and 75thY100th percentiles) of their tone production accuracy scores as judged by the adult native Mandarin-speaking listeners. One apparent difference between the NH and CI groups was that the ellipses from the NH subjects were well separated in the tonal space regardless of size. Although Subject CI1 had very small-sized ellipses, the ellipses were 
FIG. 3.
Tonal ellipses of four NH subjects and 4 subjects with CIs. The 4 subjects from each group were randomly selected from those with tone production scores (judged by the native Mandarin-speaking adult listeners) in the ranges of 0 to 25th, 25th to 50th, 50th to 75th, and 75th to 100th percentiles of each respective group. The tone production score (% correct) for each subject is shown at the lower left corner of each panel. Each symbol represents the F0 onset and offset data of one tone token.
highly overlapped, giving rise to a low degree of differentiation. In fact, the small size and large overlap of the ellipses indicated that the tones produced by this subject did not have much variation in F0s. For subjects CI9 and CI10, their diffused ellipses were compensated by less overlap indicating a moderate degree of differentiation, which was also reflected by the better scores from the perceptual judgment.
The degree of differentiation in tone production was quantified with 3 indices (10), with higher index values indicating better differentiation (Fig. 4) . Indices 1 and 2 quantify separation of the F0 distributions of 4 tones relative to the variances in the speaker's tonal space similar to the discriminability index d'. Index 3 calculates the false detection probabilities of each tone category reflecting the differentiation of one particular tone from the others (10). Significant differences were found between the CI group (n = 76) and the NH group (n = 125) on all 3 indices (all p G 0.001). For both groups, the values of the 3 indices were highly correlated with each other (all p G 0.05 after Bonferroni correction). The ellipse sizes produced by the NH group showed significant correlation with age (r = j0.264, p = 0.003), indicating that older subjects tended to produce more consistent F0s for a particular tone. Ellipse sizes however did not decrease with increased device experience in the CI group (r = j0.24, p = 0.09), or with the subjects' chronological age (r = j0.22, p = 0.12).
Percent correct scores for tone production judged by the 4 native Mandarin-speaking NH adult listeners showed high interrater reliability (all r 9 0.95, p G 0.001). Based on the average recognition scores from the 4 judges, the group mean tone production accuracy for the 76 CI subjects was only 46.8% correct with a high variability (SD = 19.78 % correct). The group mean tone production accuracy for the 125 NH subjects was 94.8% correct (SD = 9.0% correct). The group differences were found to be highly significant (t = -23.49, p G 0.001).
Classification results from the artificial neural network analysis agreed exceptionally well with the perceptual judgment results. Figure 5 shows a high correlation between the perceptual results from the native Mandarin-speaking adult listeners and the classification results from the artificial neural network analysis (r = 0.94, p G 0.001). It also shows the large variability of the tone production accuracy of the 76 CI subjects, with performance ranging from chance (i.e., 25% correct) to approximately 95% correct.
Relationship Between Tone Perception and
Production The overall accuracy of tone perception and production by the CI group was significantly correlated (r = 0.56, p G 0.001) (Fig. 6) . The confusion matrices (Fig. 2) indicate an association between perception and production patterns for Tones 1 and 4. On the other hand, perception of Tones 2 and 3 did not seem to predict the performance of production. The relationship between perception and production for individual tones was examined and the correction coefficients between percent correct scores of tone perception and production across subjects were calculated for each of the 4 tones. The correlations were found to be statistically significant for Tone 4 (p = 0.01), marginally significant for Tone 1 (p = 0.06), and not significant for Tones 2 and 3 (p 9 0.05).
Predictor Variables to Tone Perception and
Production Performances The dependent variables for the linear regression models were percent correct scores on the tone perception test and tone production accuracy evaluated by the native Mandarin-speaking adult listeners. The predictor variables (i.e., demographic, family, cochlear implant, and educational variables) were entered step-wise into a linear regression model for analysis.
Duration of CI use and age at implantation were 2 significant predictor variables for tone perception. The marginal correlations between the 2 predictor variables and tone perception are shown in Figure 7 . Although age at implantation was not marginally correlated with the perception outcome, when entered with duration of CI use, it explained a significant amount of unique variance in tone perception (p = 0.003). Jointly, age at implantation and duration of CI use explained 28.6% of the total variance for tone perception outcome. Age at implantation was the only significant predictor for tone production performance (Fig. 8) .
DISCUSSION
Pediatric CI subjects showed large variability in tone perception performance ranging from chance level to perfect scores, in contrast to the much less variable and better performance of the NH group (Fig. 1) . Note that the mean chronological age of the NH group was older (mean, 6.74 yr) than that of the CI group (mean, 5.23 yr) with the distribution of the CI group being skewed toward younger ages. The difference in hearing age between the 2 groups was even larger (mean CI experience, 1.27 yr). Therefore, we caution direct comparisons of performance between the 2 groups. Studies showed that typically developing NH children acquire tones at a fairly early age, well in advance of the acquisition of segmentals (27, 28) . However, Mandarin-speaking children residing in the US showed delays in tone acquisition (26) , perhaps because of altered language environments. The CI subjects with limited device experience could still be learning tone perception. The fact that the perception performance of the CI group was dependent on duration of CI use (Fig. 7) also shows evidence of learning. A future longitudinal study is warranted to illustrate the learning curves for lexical tones in prelingual deaf pediatric cochlear implantees. Tone production from both the CI and NH subjects was analyzed acoustically, automatically recognized by a neural network, and evaluated by native Mandarin-speaking listeners. The acoustic analysis reveals the degree of consistency that a set of F0s is used to produce a given tone, for a particular speaker. Additionally, it reveals the degree of differentiation of these F0 distributions among the 4 tone categories. The relatively large tonal ellipse sizes (Fig. 3 ) seen in the CI group indicated that the F0s produced by the CI subjects were not consistent for a given tone category. The F0 distributions also overlapped considerably among tones. These results suggest that the CI subjects were able to produce a normal pitch range, but they were unable to use the correct and differentiable F0 contours consistently for the tone targets. The objective measure of tone production by the neural network and the subjective perceptual measure were found to be highly correlated (r = 0.94, Fig. 5 ). This result suggests that the neural network analysis can be used as an objective, fast, and automatic recognition tool for tone production assessment in the hearing-impaired population either with CIs or with other rehabilitative devices in clinical practices (10, 24, 25) .
The overall accuracy of perception averaged across tones predicts the overall accuracy in production, but the perception and production for individual tones, particularly Tones 2 and 3, were not related. The link between speech perception and production has been the assumption for classic speech perception theories for NH listeners. Lashley (29) argued that perception and production have too much in common to depend on wholly different mechanisms. The relationship between perception and production of later acquired speech in the prelingually deafened population is not clear. Our results indicated that the poor production of Tone 2 does not seem to be attributed to the ability to perceive this tone, as revealed by the contrast in the overall percent correct scores (Fig. 2) and the lack of correlation between perception and production across individual subjects. Poor production is likely due to the efforts needed to produce the rising pitch. The ability to perceive Tone 3 cannot fully explain the difficulties in producing Tone 3, which has the most sophisticated pitch contour. It is therefore conceivable that accurate perception is necessary but not sufficient for correct production.
Previous studies that examined the factors of age at implantation and duration of CI use in tone development of pediatric CI users have produced mixed results, with correlations present in some samples but not others (5,16,18,21Y23) . The results of the regression analysis in the present study, which measured a much larger sample size than previous studies (n = 68) indicated that duration of CI use was a stronger predictor for tone perception relative to age at implantation. However, when both variables were entered into the regression model, in the presence of duration of CI use, age at implantation also explained a significant amount of unique variance in tone perception. The results indicate that, although the performance of perception is bound to improve with experience, early implantation may facilitate learning. Age at implantation seems to be a consistently identified factor for tone production (9, 16) . Taken together, the results of the present study indicate that pediatric CI users are expected to perceive tones better with experience, but production is dependent only on early implantation.
